Advancements in the fabrication and study of superhydrophobic surfaces have been significant over the past 10 years, and some 20 years after the discovery of the lotus effect, the study of special wettability surfaces can be considered mainstream. While the fabrication of superhydrophobic surfaces is well advanced and the physical properties of superhydrophobic surfaces well-understood, the robustness of these surfaces, both in terms of mechanical and thermodynamic properties, are only recently getting attention in the literature. In this review we cover publications that appeared over the past ten years on the thermodynamic and mechanical robustness of superhydrophobic surfaces, by which we mean the long term stability under conditions of wear, shear and pressure. The review is divided into two parts, the first dedicated to thermodynamic robustness and the second dedicated to mechanical robustness of these complex surfaces. Our work is intended as an introductory review for researchers interested in addressing longevity and stability of superhydrophobic surfaces, and provides an outlook on outstanding aspects of investigation.
Introduction
The fabrication of robust superhydrophobic coatings that are extremely water repellent and resist stains would have far reaching practical applications, however their manufacture is yet to be fully accomplished [1] . Since the characterization of the Lotus leaf [2] , there have been thousands of publications presenting methods for the fabrication of artificial superhydrophobic surfaces on which water droplets cannot spread, forming a contact angle larger than 150°. The hallmark of superhydrophobicity is the motion of drops on the surface: they roll across the surface [3] [4] [5] , rather than spreading or sliding as with liquids that have lower contact angles with the surface [6] . The rolling of drops relies on the combination of micro-scale and nano-scale surface roughness [7] , which traps pockets of air [1] . The facile motion of the drops on the surface, combined with the low adhesion of particulate dirt on the rough apolar surfaces, provides a very efficient cleaning mechanism, hence the "self-cleaning" moniker. This wetting scenario is known as the Cassie-Baxter state (CB) or Cassie state [8] , characterized by low adhesion of water droplets on the surface, and is of technological interest due to its potential to benefit drag-reducing, anti-fouling and self-cleaning surface coatings [9] .
The work by Lafuma and Quéré illustrated that the lifetime of the trapped air (plastron) varies with the structural details and surface energy of the superhydrophobic surface [10] . For a superhydrophobic surface to be more stable in a Cassie state, the critical angle θ c at which air remains trapped below the drop on a composite surface must be small, where cos θ c = (φ s − 1) / (r − φ s ), with r the ratio of the actual over the apparent surface area of the substrate and φ s the fraction of solid in contact with the liquid. A very rough surface may exist or transition into a Wenzel wetting state when the air escapes out of the roughness, and the liquid comes in contact directly with the roughness. Air pockets are stable in the Cassie state only if the contact angle is larger than θ c . Therefore θ c must be as small as possible for the Cassie state surface to be thermodynamically stable. Indeed the superhydrophobic lotus leaf has a large value of roughness r, due to having both micro and nano-scale roughness.
Thermodynamic and kinetic robustness refers to the stability of the air trapped on the surface (so-called plastron) in the Cassie state, and its ability to resist transitioning to a Wenzel wetting state (where the air escapes out of the roughness) [1] . The thermodynamic stability of the plastron is of critical importance to applications of superhydrophobic surfaces, because when the surface features are filled with water, the surface loses its water repellent properties, and may become stickier than smooth surfaces. Water can penetrate into the roughness through the vapor phase by local condensation, or by application of high pressure, through droplet impact, droplet evaporation, high Laplace http://dx.doi.org/10.1016/j.cis.2017.05.018 pressure or hydrostatic pressure [11] .
The potential of superhydrophobic surfaces to reduce ice accumulation have been proposed as useful in airplane wings and other applications [12] . Their drag-reducing properties have been proposed for use in a number of other energy-related applications. However, the implementation of superhydrophobic surfaces is limited by the thermodynamic and mechanical fragility of their hierarchical surface roughness [10, 11, [13] [14] [15] [16] [17] [18] [19] [20] , and the high production costs involved [21] .
In the following Sections we first review studies investigating the thermodynamic robustness of the Cassie superhydrophobic state, then the most established methods to fabricate superhydrophobic surfaces, focusing on a critical comparison of the anticipated mechanical robustness produced by the different methods. The reviewed methods include: lithography and templating, plasma and chemical etching, chemical deposition, colloidal assembly and layer by layer deposition, electrospinning and electrospraying. We then cover other emerging fabrication methods, such as surface wrinkling, and self-healing surfaces. In the latter category, we touch briefly on liquid-infused surfaces, which are already positioned to replace superhydrophobic coatings because of their ability to self-repair and their customizability. Finally, we review methods to test chemical and mechanical robustness, focusing on the techniques that are suitable to study highly structured and rough surfaces.
Thermodynamic and kinetic robustness
In the following Section, we refer to the thermodynamic and kinetic robustness as the stability of the Cassie wetting state under equilibrium wetting conditions in air or underwater, and when exposed to external forces including mechanical energy and droplet impact, respectively.
While the wettability of surfaces is often classified into either Wenzel or Cassie wetting, it is important to emphasize that both wetting states constitute minima in the overall free energy of the drop, which is (in the absence of gravity) determined by the surface fractions of the liquid drop in contact with the solid and air, and the integral surface curvature. Apart from the question of which of these two free energy minima is lower, the thermodynamic transition between the two is of considerable practical interest. For example, a system for which Wenzel wetting is thermodynamically favored can be practically useful if the energetic barrier between the Cassie state and the Wenzel state is high. Conversely, superhydrophobic surfaces with energetically favored Cassie wetting are problematic, if the transition to the Wenzel local minimum in the free energy is facile, since the recovery from the Wenzel state is kinetically problematic (see below) and local Wenzel wetting can lead to the frequent pinning of the drop.
The transition between the two wetting states requires (i) the local motion of the contact line, locally spreading the liquid front from one state to the other, and (ii) the escape or ingress of air, destroying or reestablishing the plastron, respectively. The role of the local contact angle in the wetting equilibrium was first recognized by Johnson and Dettre [22] , who for a sinusoidal surface roughness analyzed the transition from Wenzel to Cassie (CB) wetting in terms of the local slope of the surface (Fig. 1 ). Cassie -wetting is obtained when spreading of the microscopic contact line of a suspended drop would require to exceed Young's contact angle (i.e. the equilibrium contact angle of the liquid on a perfectly planar surface) [23] , making this process thermodynamically unfavorable. Note that this geometrical argument is not based on the overall free energy of the drop, and does therefore not allow determining the free energy of the Wenzel and Cassie wetted states, but it illustrates the existence of a free energy barrier between the two. The local pinning of the contact line allows the creation of surfaces which are superhydrophobic and superoleophobic at the same time, as beautifully demonstrated by Tutejaa et al. [5] . For model surfaces, such as sinusoidal roughness [24] or pillar arrays [1] , the energy barrier between Cassie and Wenzel wetting can be analytically determined. For more complex surface morphologies, numerical ap-proaches are required.
Instead of classifying liquids on surfaces in terms of the two wetting regimes, it is therefore more useful to consider them as energetic states. The coexistence of Wenzel and Cassie wetting has been demonstrated numerous times [1] (Fig. 2a ). Extending a model by Marmur [25] , the free energy landscape of drops on surfaces can be calculated, as shown in Fig. 2b [5] , quantifying the free energies of Wenzel and Cassie wetting and the energetic barrier between them. Drops are typically trapped in either of these two states, and the exact state may depend on the details of how the system is prepared as shown in Fig. 2a .
The energetic barrier can be overcome by the application of an additional force, the simplest of which is droplet impact [1, 26, 27] . Mechanically vibrating the surface can also induce a Cassie to Wenzel transition [28] , so can the evaporation of the drops [29, 30] , as illustrated in Fig. 3 .
Note that even for high energy barriers, metastable wetting states are robust only on structurally homogeneous surfaces, since local defects in the surface structure may initiate the transition of the entire drop from a metastable Cassie into a thermodynamically preferred Wenzel state. This adds to the general problem of defect sensitivity of Cassie-surfaces (the most prevalent being the pinning of Cassie-drops on surface defects), making their practical implementation difficult.
The requirement of air removal for the transition from Cassie to Wenzel wetting, or reestablishment of the plastron for the reverse process, can be subdivided into two aspects, related to the morphology of the surface and the thermodynamic stability of the plastron. Regarding the substrate morphology, most implementations of superhydrophobic surfaces exhibit a sufficient lateral porosity for the air to escape during the Cassie to Wenzel transition. In fact, laterally enclosed plastrons would violate the main requirement of the Cassie state by the formation of a microscopically continuous liquid-solid contact line, which pins the drop [31] . However, the reverse process, the formation of a plastron by air ingress under the drop is much more difficult. It is hindered by the fact that the microscopic water contact line has to move (spread) under the drop, which is a process that is easily arrested by pinning. This can be overcome by the application of an additional force helping contact line retraction, either through the in-coupling of mechanical energy, e.g. by vibrating the surface [32, 33] .
In 2000, Herminghaus described that the plastron disappears from Lotus leaves when submerged at a depth of 20 cm for a few seconds [34] . When removed, the surface was clearly in the Wenzel state. This effect was later more systematically studied for natural and manufactured superhydrophobic surfaces [31, 35] , as shown in Fig. 4 . This indicates that while the plastron can be quite stable when the surface is exposed to small amounts of liquids, it is unstable under water. While standard wetting theories assume the thermodynamic coexistence of three inert, immiscible phases (gas, liquid, solid), air is however partially miscible in water. When submerged, the plastron is hydrostatically pressurized and the air is dissolved in the water. This has been quantitatively studied for Teflon surfaces with a hierarchical roughness [13] , describing a two-stage plastron decay consisting of the thinning of the extended plastron followed by the break-up and decay of the plastron into pinned surface bubbles ( Fig. 5 ). This late stage can be described by adapting the Epstein-Plesset formalism [36] for the stability of gas bubbles to the plastron. However, a quantitative prediction of plastron stability is complicated by the fact that water and air are rarely in thermodynamic equilibrium under ambient conditions. This has triggered a range of studies on the underwater stability of plastrons [37, 38] .
Switching from Wenzel to Cassie wetting is significantly more difficult, as this would require the water to be removed from the holes or grooves in the surface and a gas evolution mechanism which replenishes the plastron, such as by gas or vapor generation [39] [40] [41] , local pressure regulation [42] [43] [44] , vibrations [33] . Gas evolution has for example been achieved by water electrolysis, which requires the incorporation of an electrode into the superhydrophobic surface and the use of external power [39] . More elegantly perhaps, electrocatalytic water splitting using superhydrophobic ZnO nanorods also replenishes the plastron [45] , and conical silicon nano-textures exhibit a spontaneous, partial reappearance of the trapped gas phase upon liquid depressurization [46] . Switching between wetting states is easier to perform when a drying phase is included to remove trapped water in the microstructure. In this case, modifying the surface chemistry via acidic and alkaline conditions, or UV light irradiation and thermal heating has been shown as an effective method [47] .
Both the kinetic and thermodynamic aspects described here com- [1] ). The CB drop was obtained by careful placement on top of the rough surface, while the Wenzel state formed upon impact. Reprinted with permission from Annual Reviews. (b) Landscape in Gibbs free energy density G ⁎ for octane on the structured surface shown on the right, relative to its value of the Wenzel state (G ⁎ min ) (adapted from [5] ). h is the normalized height of the suspended air-liquid interface with respect to the maximum height of the surface and θ ⁎ t is the apparent macroscopic contact angle. The inset clearly shows the minimum in free energy of the CB state and the energy barrier between the two wetting states explains why a CB state is readily obtained, despite the lower free energy minimum of Wenzel wetting. Reprinted with permission from AAAS. L.R.J. Scarratt et al.
Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] plicate the evaluation of the robustness of superhydrophobicity. Whether superhydrophobic Cassie or pinned Wenzel wetting is obtained does not only depend on the surface itself, by also in the way the liquid is deposited and on other external parameters, such as mechanical motion (e.g. vibration). Furthermore, it is now established that superhydrophobicity of permanently immersed surfaces is thermodynamically unstable and decays through the diffusion of the plastron into water. This rules out the application of superhydrophobicity in vessels or tubes for the storage or transport of liquids. It may also limit some implementation of the drag-reducing effect of superhydrophobicity.
It should be noted that the specific geometry of the surface roughness geometry is an important factor for the thermodynamic stability of the Cassie wetting configuration. It has been demonstrated that hydrophilic materials can possess a Cassie wetting configuration if the water contact line is unable to progress into the gaps of the surface roughness for certain allowed critical contact angle values. This can be achieved using morphologies with air proof structures including honeycomb shapes which can produce a negative Laplace pressure beneath a sessile droplet, and overhanging structures [48] [49] [50] [51] . By modifying these geometries accordingly, one can influence the minimum allowed contact angle of a sessile droplet on these surfaces for hydrophilic materials. This in turn has progressed the field's under-standing of how to produce thermodynamically and kinetically robust structures for traditional superhydrophobic surfaces using hydrophobic materials.
Fabrication methods for robust superhydrophobic surfaces
As discussed in the Introduction, a superhydrophobic surface requires roughness on the micro-and/or nano-scale, in addition to a low surface energy for drops to obtain a Cassie wetting state, where air is trapped in the fine structure of the surface [1, 52] . A wide range of methods for the fabrication of superhydrophobic surfaces have been proposed during the past 15 years. However, only recently have a number of publications investigated the robustness of the produced surfaces. The field clearly needs to move beyond the basic proposal of new fabrication methods, and towards a full characterization of robustness and up-scalability if the field is to make technological impact. This Section provides a brief summary regarding different fabrication techniques used over the past 15 years, and will then focus on robustness testing methods.
A common way to categorize fabrication techniques in the literature is to group them as "top down" or "bottom up" approaches [53] . "Top down" refers to the fabrication of a superhydrophobic surface via . Underwater stability of the plastron on superhydrophobic Nelumbo nucifera leaves. Plastron stability was determined by measuring the specular reflection of light of leaves submersed at a depth of 55 cm. Most of the reflectivity decayed within the first hour, but the leaf remained somewhat reflective for up to one week, when it started to decay. This was attributed to the rapid dissolution of the macroscopic plastron, but air remained trapped in the sub-micron surface roughness formed by surface wax crystals. Reproduced with permission from [31] .
L.R.J. Scarratt et al.
Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] roughening by printing, molding, and carving to generate appropriate topographies needed for a superhydrophobic state. In contrast, "bottom up" methods involve the self-assembly of smaller building blocks to form larger, more complex objects. Another way to organize these fabrication techniques is to group them into approaches that render rough materials hydrophobic, and those that create roughness in hydrophobic materials. There exist many different methods to produce the roughness needed for a Cassie state of drops, mostly resulting in surface topographies both on the nano-and micro-scale. If the roughened material is not sufficiently hydrophobic, further modification by coating them with polymer coatings or self-assembled monolayers (SAMs) is performed to reduce the surface energy. However, this approach incurs a higher risk of losing the superhydrophobic state when these coatings are compromised. While in some techniques the coating adheres well to the substrate, the use of coatings is not always ideal for fabrication of robust superhydrophobic surfaces. Typically, the roughening of an already hydrophobic material, which does not rely on chemical surface modification, is simpler to perform and produces more mechanically and thermodynamically durable superhydrophobic surfaces. These are important qualities when considering large scale/industrial application, as raised by Blossey in 2003 [3] .
In terms of fabrication methods, this Section covers a large portion of the approaches that have been used over the past 15 years and comments on their expected durability. Reporting robustness on superhydrophobic surfaces has not been common practice until the past 5 years, and it still suffers from a lack of standardized testing methods, often making comparisons difficult [54] . Thus, a large number of different papers published in the field do not present data on their surface robustness, particularly early papers which pioneer fabrication methods. To provide context regarding the field and development of superhydrophobic surfaces, several examples are expanded in more detail corresponding to publications that are among the most highly cited in the field. Here we focus on solid/air interfaces (lotus leaf mimics), as opposed to liquid impregnated surface (pitcher plant mimics), which will be touched upon later.
Robustness of surfaces produced with established fabrication methods

Lithography and templating
Lithography involves the controlled patterning of surfaces, whereby large or micro-/nano-scale morphologies are transferred from a hard or soft master to the desired substrate. This can be achieved by imprinting, depositing or etching around a pre-designed pattern. These methods can further be subdivided into a variety of different approaches depending on desired materials and morphologies, which include Xray lithography [55] , electron beam lithography [56, 57] , photolithography [58] [59] [60] [61] , micro-contact printing [62] [63] [64] [65] , colloidal lithography [66] , and nano-imprint lithography [67] [68] [69] [70] .
Following the investigation into nano-patterning via capillary forces by Suh et al. [71] , Jeong et al. used imprinting of lithographic patterns to produce micro-and nano-scaled patterns of polystyrene (PS) and poly(methyl methacrylate) (PMMA), spin coated onto on silicon substrates [72] . A polydimethylsiloxane (PDMS) mold possessing a microsized topography was imprinted above the coated polymer's glass transition temperature T g . This process was repeated with a poly (urethane acrylate) (PUA) mold with nano-sized features on the micro-patterned surface to produce a hierarchical surface. The resultant multi-scale superhydrophobic surface displayed a static contact angle of 161°and easy droplet roll off ( Fig. 6 ). This technique results in potentially robust surfaces limited by the mechanical properties of the high-T g polymer. Additionally, this technique leaves room for use of other polymers for different application needs.
Sacrificial templating is a technique which makes use of lithographic processes by replicating desired surface features by pressing/ molding a soft/flowing polymer over the desired surface morphology. After the polymer has hardened, the template (commercial inorganic membranes, masters prepared by lithographic process and natural lotus leaves) [14, 61, [65] [66] [67] [68] [73] [74] [75] [76] can be dissolved away, leaving behind the patterned material.
After Autumn et al. developed an approach that mimics gecko adhesive foot-hair [77] , Jin et al. used the same templating method to fabricate a layer of polystyrene (PS) nano-tubes, in an attempt to imitate the unique structure of the fine hairs ( Fig. 7 ) [78] . Commercially available nanoporous alumina membranes were coated with a thin PS layer, and the template was dissolved away by a basic solution at room temperature, resulting in a superhydrophobic surface with a static contact angle of 162°, and a complete adhesion of the droplet on the pillars. This apolar structured surface made from a hard plastic should possess some degree of robustness but the high aspect ratio fibers are probably not very stable under shear. Fig. 4 . (a) The plastron stability depends strongly on the immersion depth (▼ 0.5 m, ▲ 1.1 m, and • 1.3 m). The plastron decays in two stages, the thinning of the laterally extended plastron (c), followed by a decay into pinned bubbles (d), which are highly unstable because of the continuously increasing Laplace pressure. This process can be described by an Epstein-Plesset model. The two characteristic decay constants τ cap and τ hs are associated with these two processes. The final state in (e) is characterized by locally trapped air in the sub-micrometer structure of the surface. (f) This process can be followed by confocal microscopy, imaging the plastron and the late-stage bubbles. Reproduced with permission from [13] . 
Plasma and chemical etching
Plasma and chemical etching are both methods used to induce random roughness in a surface. These techniques can be used as the primary method of surface roughening, or in combination with other techniques, such as lithography, to add additional micro-and nanoscale roughness. Plasma etching is performed via the bombardment of a surface with reactive atoms or ions that are generated in a gas discharge. This technique is capable of creating defined topographical features including deep grooves with steep walls [75, [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] .
Balu et al. produced nano-scale roughness on cellulose paper using domain selective etching of amorphous cellulose portions in an oxygen plasma ( Fig. 8 ) [93] . A thin fluorocarbon film was subsequently deposited via plasma-enhanced chemical vapor deposition, producing superhydrophobicity with low roll off and a static contact angle of 166°. As this surface is essentially chemically coated paper, its use is limited to specific applications. However, it is very versatile due to its simple and accessible materials. Mechanical robustness is probably a minor criterion in this approach, due to the disposable nature of the product.
Chemical etching generates surface roughness by immersing the target surface in a corrosive/reactive chemical mixture [94] [95] [96] [97] . This treatment is commonly used on metal and glass surfaces.
Qian and Shen performed simple chemical etching of polycrystalline aluminium, copper and zinc to produce micro-and nano-scale roughness [95] . After chemical etching via immersion in specific corrosive solutions, a fluoroalkylsilane coating was applied to produce the required hydrophobic surface energy. A zinc superhydrophobic surface was produced by etching with concentrated HCl for 90 s prior to coating (Fig. 9 ). The coated surface exhibited superhydrophobicity with static contact angles of about 155°and roll-off angles of approx. 6°. The surface itself is likely to have strong mechanical robustness, but it is defect prone when the coating is damaged and its long-term perfor- Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] mance is limited by the degradation of the fluorinated layer.
Chemical deposition
In chemical deposition, a deposit forms via a surface chemical reaction, forming a layer with a nano-scale topography including nanopins and nano-rods. A variety of the methods can be used, including chemical vapor deposition (CVD), which utilizes a gaseous precursor to deposit particles or films, chemical bath deposition (CBD) and electrochemical deposition (ECD), which use wet chemical solutions or electrochemically conductive substrates to deposit solid metals and oxides [98] [99] [100] [101] [102] [103] [104] [105] [106] .
Following work published on ZnO nano-rods with switchable wettability [107] , Liu et al. fabricated a superhydrophobic ZnO submicrometer thick film via Au-catalyzed chemical vapor deposition ( Fig. 10) [98] . This technique produced a surface with hierarchical morphology comprising of nano-structures on sub-microstructures, with a static water contact angle of 164°. Switchable wettability of the resulting superhydrophilic surface was obtained by UV illumination, and superhydrophobic properties could be recovered by placing it in the dark or by heating. This work does not report contact angle hysteresis. Further surface treatment with a stable hydrophobic coating would increase the thermodynamic robustness of this surface.
Hosono et al. used CBD to obtain an array of metal hydroxide nanoneedles ( Fig. 11) [103] . A solution of CoCl 2 ‚6H 2 O and NH 2 CO in water was used to deposit single crystalline pins of brucite-type cobalt hydroxide on glass slides via immersion. After physisorption of lauric acid to modify the surface energy, they obtained a superhydrophobic surface with a water CA of 178°, with the CA hysteresis not characterized. Since this surface relies on a physisorbed chemical coating to obtain its low surface energy, its superhydrophobicity may be compromised by exposure to environmental conditions. The base material being comprised of a rigid material may result in some degree of mechanical robustness, but the thin needle-like structure quality is probably weak under shear and mechanically induced defects in the organic coating may limit its defect tolerance.
Colloidal assembly and layer by layer deposition
Colloidal assembly involves the spontaneous assembly of closely packed arrays of colloidal particles, either polymeric or inorganic, on a surface through chemisorption or physisorption [108, 109] . Varying the size of assembling particles can result in multi-layered roughness [110] , and several combinations of approaches have achieved the hierarchical structures required for superhydrophobic surfaces [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] .
Zhang et al. used colloidal assembly to produce an irregular binary structure with hierarchical roughness [121] , extending earlier work by Velikov et al. [124] . CaCO 3 -loaded hydrogel spheres approx. 790 nm in Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] diameter were deposited onto silicon wafers by dip-coating, serving as a template for the self-assembly of 300 nm silica or polystyrene particles applied in a second dip-coating ( Fig. 12 ). Superhydrophobicity was achieved through the subsequent application of a self-assembled monolayer (SAM) of hexadecanethiol (HDT) after sputter coating of 30 nm of gold. Mechanical stability was said to be improved by annealing at 500°C for 2 h, but no testing resulted were presented. The contact angle hysteresis was also not reported, nor the surfaces stability upon immersion in a solvent. Apart from structural limitations regarding robustness, the gold-thiol bond is not thermodynamically stable upon exposure to UV radiation and oxygen, resulting in degradation and subsequent loss of surface qualities [125, 126] . This reduces the overall robustness of the surface significantly, not taking into consideration the mechanical properties of this surface which may be limited by the weak colloidal interactions. In addition to immersion and spin-coating, layer by layer deposition (LBL) has been used to apply multi-layer films on desired substrates, by using the electrostatic attraction of colloids and polymers with the alternating surface charge [113, [127] [128] [129] [130] . The layers are often combined with colloidal particles to further increase the surface roughness.
Utilizing sub-micron silica spheres, Zhang et al. used the deposition of poly(diallyldimethyl-ammonium chloride) (PDDA)/sodium silicate multi-layer films on a silica-sphere-coated substrate to produce hierarchical roughness (Fig. 13 ) [131] . Superhydrophobicity was achieved by applying a layer of fluoroalkylsilane by chemical vapor deposition, resulting in a static water contact angle of 157°and low sliding angle. The robustness of these surfaces was not reported, but based on the physically absorbed multilayers for roughness, and the surface dependence on a self-assembled monolayer, the overall chemical and mechanical robustness is probably limited. This surface could be improved by using hydrophobic materials for the generation of roughness, and by chemical bonding of the applied layers to the substrate.
Electrospinning and electrospraying
In electrospinning, an electrical potential is applied between an extrusion nozzle and a grounded collection plate; as the polymer is ejected, the solvent rapidly evaporates, resulting in the formation of a mat of fibers on a collection plate. These fibrous morphologies can be further chemically modified and can incorporate solvents in their porous structure [132] [133] [134] [135] [136] [137] .
Following previous work on electrospinning [132] , Ma et al. combined electrospinning and CVD to produce superhydrophobic surfaces for use on fabric [137] . Polycaprolactone (PCL) mats were produced with fibrous morphologies via electrospinning, controlling the formation of additional beaded features (Fig. 14) . Further coating with perfluoroalkyl ethyl methacrylate (PPFEMA) achieved the desired low surface energy, producing static contact angles of 175°, allowing the water to roll off freely. The robustness of these surfaces was not reported. Based on the materials used for fabrication and the fibrous network morphology, some degree of mechanical toughness can be expected, in addition to the versatility of use as a fabric. The performance of this material is probably limited by the stability of the physisorbed layer, which is required to achieve superhydrophobicity.
Electrospraying is better suited for the deposition of beads rather than fibers [138] . In electrospraying, the polymer solution is dispensed from a capillary nozzle maintained at a high potential onto a desired substrate, whereby the electric field forces the ejected polymer into fine droplets [16, [139] [140] [141] [142] [143] [144] Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] coated glass slides by the electrospray technique ( Fig. 15 ) [145] . The resulting surface morphology had a static contact angle as high as 167°w ith drop sliding angles of 2°. The authors note that this surface fails under wear and abrasion, which would need to be improved by increasing the adhesion between the particles and the substrate.
Teflon-derived surfaces
Polytetrafluoroethylene (PTFE) is the traditional and still one of the most wide-spread materials for the manufacture of non-stick surface coatings. Its very low surface energy and wide availability therefore make it interesting for the manufacture of superhydrophobic surfaces, which to some extent is offset by the difficulty in processing many fluoropolymers and by their cost. Since PTFE coatings are typically made by depositing a colloidal suspension, followed by high-temperature sintering, it is convenient to modify the established coating protocols in such a way that produces PTFE surfaces that are sufficiently rough to be superhydrophobic. A facile way to achieve this is to blend the PTFE suspension with a second colloidal suspension of lower thermal stability, such as polystyrene, or polymethyl methacrylate [146] . For the case where the latter spheres are much larger than the PTFE colloids, an inverse opal PTFE structure is formed that has superhydrophobic properties (Fig. 16 ). The tuning of pore sizes and densities yield surfaces with static water contact angles of~170°C, and negligible contact angle hysteresis. In an alternative approach, embedded salt crystals were used, replacing the sacrificial polymer spheres [147] .
The mechanical robustness of these layers was tested by laterally translating a parabolic stainless steel point across the sample under varying normal pressures [148] . While the samples suffered only from minor structural damage for pressures up to 120 MPa, the film failed by delamination from the substrate at higher pressures (Fig. 16 ). The surface remained superhydrophobic for pressures below 1 MPa. While water drops on samples that were rubbed with pressures above 1 MPa were in the Wenzel state with higher contact angle hysteresis, their wetting performance both in terms of static contact angle and contact Fig. 17 . (a) Schematic of PTFE film formation. In the standard route 1, the suspension wets the surface. Capillary forces during the subsequent drying pull the colloidal spheres together, thus aiding the film formation. In approach 2, this occurs during the flight phase of the suspension drop, causing the formation of a dry cluster that deposits onto the surface. The obtained result in (b,d) is very similar to that of a lotus leaf (c,e), both in terms of its micro-(b,c) and nano-(d,e) texture. Reproduced with permission from [13] .
Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] angle hysteresis remained superior to that of the surfaces achieved with the standard wetting protocols [148] . A second approach also using PTFE is a slight modification of the industrially used spray coating techniques [13] . In its standard implementation, the sprayed-on film forms a homogeneous layer, which compacts during the evaporation of the liquid phase (typically water). This process is largely driven by capillary forces that aid the dense packing of the colloidal spheres during drying. The resulting dense colloidal packing aids the film formation during the sintering step, yielding a high-density layer of high mechanical toughness. Fig. 17 shows an alternative deposition strategy. By increasing the flight time of the spray, water evaporates from the suspension droplets, forming dry solid aggregates. The deposition of these aggregates onto a pre-formed homogeneous PTFE surface induces a roughness that is retained upon high temperature sintering. The resulting surface closely resembles the structure of a lotus leaf, as shown in Fig. 17 . While these superhydrophobic surfaces were not systematically tested they have a mechanical robustness that is comparable to the ones in Fig. 16 . A recent method for creating the roughness required for superhydrophobicity was performed by simply roughening PTFE with different grades of sandpaper [149] , which presents a simple alternative to the above mentioned techniques.
Other techniques
The techniques mentioned above cover the most common methods for producing surface roughness, however there are other chemically more complex approaches that we have not covered. These include: solgel techniques that can be used for depositing porous structures on glass [150] [151] [152] [153] [154] [155] [156] ; phase separation [157] [158] [159] [160] [161] [162] ; and block copolymers micelles [163, 164] .
Robustness of surfaces produced with emerging fabrication techniques
In recent years, the focus has shifted towards industrial applications and towards multi-functionality in the fabricated surfaces, including reflection and transparency [116, 151, [165] [166] [167] [168] [169] [170] , switchability [141, [171] [172] [173] [174] [175] , and self-healing properties [16, [176] [177] [178] [179] [180] [181] . The following are examples of more recent techniques for fabrication of super- Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] hydrophobicity, addressing robustness and up-scalability.
Wrinkling
A simple method for generation of surface roughness is the wrinkling of a rigid film on a shrinkable substrate [182] [183] [184] [185] . Wrinkling can occur for example by the contraction of a bulk phase covered by a rigid thin film, resulting in the buckling deformation of the surface layer (wrinkles and folds which may further distort into creases, or, in extreme cases lead to the delamination of the films). This process is an effective and spontaneous approach to producing the surface roughness needed for superhydrophobicity. Fu et al. in 2009 deposited thin layers of gold (15 nm) via sputter coating onto sheets of extruded polystyrene, Polyshrink™, which was subsequently annealed at 160°C [186] . To produce effective superhydrophobic surfaces, hard polymers can be used as the rigid top layer, which has been demonstrated by Manna et al. in 2013 [187] , who used a hydrophobic polymer multilayer as the rigid top layer. This simple approach to generate complex surface roughness with a minimal effort was applied onto 'shrink wrap' as the substrate.
Scarratt et al. demonstrated a simple two-step process for the fabrication of a superhydrophobic surface by wrinkling a uniform layer of a Teflon Amorphous Fluoropolymer (AF) on sheets of extruded polystyrene and polyolefin [188] . Upon annealing for 2 min at 160°C the sheets shrunk by 70% and 90% of their original size, respectively. The resulting single scale and hierarchical wrinkle morphologies obtained are shown in Fig. 18 .
The double scale hierarchy wrinkled surfaces produced on a polyolefin substrate showed static water contact angles of 175°, with roll off angles < 5°. Using shrink wrap as a substrate shows great potential for wrapping 3D objects during the annealing phase. The mechanical robustness was tested by cavitation, nano-scratch and nano- Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] indentation, which revealed that they have durable mechanical properties, and have the potential for industrial applications, comparing well against commercial optical lens and aluminium film coatings.
Self-healing superhydrophobic surfaces
As a means to improve the longevity of superhydrophobic surfaces, self-healing properties have been pursued in recent literature [16, 17, 19, 178, 189] . These present a promising potential for industrial application, with the ability to recover the surface's superhydrophobic properties after damage. Self-healing mechanisms vary depending on the materials used, and revolve around exposing the surface to a particular stimulus, i.e. light and/or heat treatment to trigger the regenerative process.
Zhou et al. produced a self-healing superamphiphobic surface by coating a fabric with poly(vinylidene fluoride-co-hexafluoropropylene), fluoroalkyl silane, and modified silica nanoparticles [15] . The resistance to abrasion of their material was tested by exposing it to laundry and abrasion cycles which did not significantly affect its wettability. Following chemical robustness tests, using strong acid, base, ozone, and boiling treatments, their surface recovered its original properties upon heating over a short time, or ageing at room temperature (Fig. 19 ). The mechanism behind the self-healing properties of this material is suspected to be due to molecular migration of the fluorinated alkyl chains towards the surface, driven by a need to reduce the free energy after to exposure to polar surface groups generated via chemical abrasion.
Slippery liquid-infused porous surfaces (SLIPS)
As opposed to the lotus leaf which traps air in the micro-and nanostructure, imitating the liquid infused surface of the pitcher plant shows a great deal of promise in developing robust liquid repellent surfaces [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] . A surface with a micro-and nano-structure is impregnated with a liquid, which is immiscible with the liquid to be repelled. This impregnated liquid replaces the air in the Cassie model, thereby creating a surface on which the contacting liquid cannot progress into a Wenzel wetting state. The fabrication of stable SLIPS usually entails nano-and/or micro-scale roughness immobilizing the lubricant layer via capillary wetting. The retention of the lubricant is dependent on its chemical affinity with the substrate in air, and when in contact with or submerged in the liquid to be repelled.
Epstein et al. produced a surface with superior anti-fouling properties through infusing perfluoropolyether into a porous polytetrafluor-oethylene (PTFE) substrate or into a microstructured fluoro-silanized Si wafer [200] . This work highlights the principle that any rough surface fabrication technique capable of producing superhydrophobicity can be applied to SLIPS with the appropriate surface chemistry and lubricant combination. They tested lubricant infused surfaces with different hierarchical topographies under various spinning rates to determine the role of structure in lubricant retention, tracking changes in contact hysteresis and sliding angles for both water and ethanol in relation to lubricant loss [201] . The most effective structure at retaining lubricant was shown to be one with uniform nano-features ( Fig. 20) .
Schellenberger et al. recently published images of the shape of drops on lubricant-infused surfaces by laser scanning confocal microscopy [198] . Fig. 21 shows the cross sectional image of a water drop on a salinized glass micro-pillar array, with and without an infused ionic liquid, one of three chosen lubricating liquids. This comparison highlights the impact of the impregnated liquid in replacing the air in the micro-structure. The correct contact angle of the drop-pillar interface in the lubricant could be imagined only through confocal microscopy, and was found to be 140°while the macroscopic contact angle appeared to be 60°due to the lubricant cloaking the sessile droplet. On these surfaces, water drops slid off easily on top of the infused solvent interfacing with the drop.
Improvements on existing methods
Recent publications in the field of superhydrophobicity have made substantial improvements towards producing robust versions of the existing techniques covered in this review. Some highlighted works include, fabrics for oil and water separation [202] , hierarchical patterned steel surfaces [203] , magnesium alloys [204] , and titanium dioxide nano-particles [205] . These publications report extensive robustness testing specific to their material's targeted end use, and are examples the field's progress towards producing superhydrophobicity with clear practical applications in mind.
Robustness testing methods
The generic term 'robustness' is used often in the literature, and can refer to different aspects of surface robustness. The main areas of interest are thermodynamic, mechanical, and chemical robustness, and these are tested in different ways depending on the intended application/area of expertise. In each case, a common means to determine the damage to the superhydrophobic state between tests is to monitor changes in the static contact angle and contact angle hysteresis. Fig. 21 . A water droplet (red) deposited on (a) an ionic liquid (yellow) infused into a micro-pillar array (dark blue); the drop rests on the pillars' tops, with the space between the micropillars filled with lubricant; and on (b) a superhydrophobic surface. Pillar distance 40 μm, diameter 10 μm, and height 10 μm. Reproduced with permission from [198] . Published by the Royal Society of Chemistry 2015. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Thermodynamic robustness
Some studies have focused on applying pressure on the plastron and investigating its stability, including using compression tests [58, 169, 206] , immersion tests or stability tests [13, 207, 208] , (with and without shear force), and droplet bouncing/impact tests [58, 169, [209] [210] [211] [212] . Plastron reflectivity can be monitored with confocal microscopy, force applied can be tracked during compression cycles, and number of droplet bounces can be counted in droplet impact. Several relevant methods testing thermodynamic robustness of the Cassie state were reviewed in the Section on Thermodynamic and kinetic robustness.
Chemical robustness
Chemical robustness focuses on two aspects of a superhydrophobic surface, topography and surface energy damage. In particular, surface energy damage involves the removal of self-assembled layers or modification of existing surface chemistry resulting in a decrease in hydrophobicity. Chemical robustness is typically tested by corrosion exposure (acidic and basic) [168, 200, 202, 203, [213] [214] [215] [216] [217] [218] , and UV exposure [200, 203, 214, 215, 219, 220] . More specific tests have also been performed for resistance to different solvents [221, 222] . During these tests, the change in surface wettability is often monitored and compared to the topography damage by SEM micrographs, and potential change in surface chemistry by X-ray photoelectric spectroscopy (XPS).
Wang et al. performed comprehensive corrosion resistance tests on their superhydrophobic surfaces, comprised of a polyvinylidene fluoride (PVDF)/fluorinated ethylene propylene (FEP)/carbon nanofibers (CNFs) composite coating [216] . Tests were performed by immersing the prepared coatings at different pH conditions over a period of 15 days (Fig. 22) . The water contact angle on these surfaces decreased from 164°to 151°under strongly acidic conditions, and to 137°in strongly alkaline conditions. 
Mechanical robustness
Mechanical robustness refers to changes to the micro-and nanoscale topography when exposed to physical damage, and its standardization is an area of current discussion. Common techniques to induce damage include abrasion tests, cavitation tests, nano-indentation, scratching, tensile strength tests and adhesion tests.
Abrasion and jet tests are performed to emulate exposure to friction forces, particularly when exposed to environmental conditions including sand abrasion from wind. Sand abrasion can be simulated by dropping silica particles from heights or by vibrating the particles on the surface; sandpaper abrasion, or using a tribometer to control the amount of wear force applied with depth of penetration [16, 18, 19, 203, [213] [214] [215] [216] 219, [223] [224] [225] . More recently, abrasion tests have also been performed using water jet tests which test the thermodynamic robustness of the trapped air in the surface roughness and its mechanical resistance to shearing forces [226, 227] , and tests emulating fog and rain droplets [228] .
Beckford and Zou et al. performed abrasion tests on poly tetrafluoroethylene (PTFE) thin films coated on stainless steel with and without a polydopamine (PDA) adhesive layer [229] . Friction and wear resistance was determined using a tribometer with a ball on flat configuration, measuring up to 1000 rubbing cycles (Fig. 23 ). The addition of the adhesive layer increased the abrasion resistance of the composite layer by 500 times, which was confirmed using X-ray photoelectron spectroscopy (XPS).
Cavitation tests are performed with the surface immersed in water under sonication for prolonged times resulting in damage across the topography due to the formation and explosion of air bubbles, which release extremely high heat and high shear locally. Surface wettability is often monitored at time intervals of cavitation to track damage to the superhydrophobicity [19, 230, 231] .
Emelyanenko et al. prepared a superhydrophobic coating on stainless steel for use in heavily loaded hydraulic systems [19] . The required surface roughness was produced via nanosecond IR laser treatment, followed by chemisorption of fluorooxysilane. Cavitation tests were performed over 90 min periods with an ultrasonic water bath, which resulted in removal of micro-and nano-sized particles (Fig. 24 ). Static contact angles and roll off angles were monitored over the course of cavitation, revealing an overall increase in water adhesion due to increased Wenzel wetting.
Nano-indentation and scratch tests are used to determine the hardness and resistance to an applied force. Force measurements can also provide quantitative data on mechanical properties [232] [233] [234] [235] [236] . A cruder scratch test can be done via applying a pencil to the surface, and such an industry standard for coatings exists [168, 206, 213] . This is a significantly more qualitative approach, but allows for a comparison to standard industry coatings. These tests, designed for flat surfaces, are not well suited to obtain quantitative mechanical properties of rough topographies which are characteristic for superhydrophobic surfaces, because of their sensitivity to depth of film penetration [237, 238] . Due to this challenge, the example chosen is a standard flat surface. Attempts to utilize these techniques for complex rough superhydrophobic surfaces were performed by Scarratt et al. [188] , who highlighted the challenges that need to be overcome when using these highly sensitive techniques. Errors in nano-indentation measurements on rough substrates are notoriously large [236] , and nano-scratch tests on rough surfaces are not commonly performed.
Fang et al. determined the nano-mechanical characteristics of Si and GaAs using nano-indentation and nano-scratch techniques (Fig. 25 ) [234] . The mechanical properties were calculated from the loading-unloading curve at various loading force. The hardness of the material was evaluated by obtaining the wear properties and volume removal rate. Fig. 25 shows nano-scratches at different applied loads on both Si and GaAs.
Other tests for mechanical robustness include: adhesion tests, which are often performed by the application of a known grade of sticky tape to the substrate [203, 206, 213, 215, 216, 219] , tensile strength tests [209, 211, 215, 239] , and vibrational testing [240, 241] , which monitors the change in wettability as the surface is exposed to vibrations.
A recent review highlights the variety of different mechanical wear tests performed on superhydrophobic surfaces in the last 5 years, in an aim to create more systematic robustness testing methods for accurate assessment for industrial application [54] . They address variations in superhydrophobic fabrication methods and how this affects their subsequent robustness. An ideal surface is one that retains its geometric features required for trapping air in its micro-and nano-structure, while maintaining its hydrophobic surface chemistry. In this respect, using hydrophobic materials and inducing roughened features is most effective in fulfilling these criteria. However, the choice of materials and geometries taken, in addition to adhesion to the substrate greatly affects the overall mechanical robustness.
In regards to ideal superhydrophobic surface design, the degree of water penetration into the micro-/nano-scale structure via Laplace pressure is heavily influenced by spacing and height of features [242] [243] [244] [245] [246] [247] . The presence of double scale roughness can assist in creating an improved geometry for trapping air between the drop and the surface, thus enhancing stability [248] [249] [250] . A robust superhydrophobic surface needs to be able to resist chemical, and mechanical damage, while demonstrating overall thermodynamic stability. If the geometry or surface chemistry is compromised, then the surface properties will degrade and superhydrophobicity will be lost. Selfhealing surfaces and SLIPS are alternative approaches reducing thermodynamic and mechanical robustness limitations. An alternative is the optimization of simple fabrication methods to produce the most effective topography for a stable Cassie state on an already hydrophobic material. There is still much work to be done in the field before large scale application of robust and durable superhydrophobic surfaces can be a reality.
Conclusions
This review focused on the long term stability of fabricated superhydrophobic surfaces, focusing especially on the work published in the past 15 years. Particular attention was devoted to the stability of the Cassie wetting state, the physical mechanism used to induce the required surface chemistry and nano-and micro-structure, and how the fabrication directly affected the durability of the surfaces. Although the field of superhydrophobic surfaces has seen great progress over the past twenty years, many problems still need to be resolved in order to achieve realistic technological applications. A true superhydrophobic state, which brings most of the desired advantages, requires a relatively stable Cassie state, with air trapped in the roughness of the surface. As a minimum requirement, all surfaces purporting 'superhydrophobic' properties should report values of contact angle hysteresis, and relate Fig. 24 . A superhydrophobic coating on stainless steel before cavitation (left panels), and after a 90-min of exposure to cavitation test (right panels). The red arrows indicate the areas where the micro-and nano-sized particles were removed by cavitation. Reprinted from [19] , Copyright 2015, with permission from Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) L.R.J. Scarratt et al.
Advances in Colloid and Interface Science 246 (2017) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] these to the likely wetting state of the surface before and after use, or upon application of wear. In order for the field to progress, a thorough characterization of mechanical and thermodynamic stability of the superhydrophobic state in the desired conditions of use must be performed. More easily accessible and standardized methods must be developed for testing the robustness of very rough surfaces under pressure, wear, scratch, immersion, exposure to contamination, and other conditions. Existing methods are mostly applicable to smooth surfaces, so the errors involved in applying the methods to very rough surfaces are large. In order to achieve realistic applications, the cost of fabrication on a large scale should be addressed, and lower cost, singlestep alternatives explored. In the future, a closer and more direct collaboration between researchers from different disciplines, including from industry, will benefit the development of more robust and truly applicable super-repellent structured surfaces.
